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An essential phase in the life-cycle of a bacteriophage 
(bacterial virus) is its attachment to the surface of a suit- 
able bacterial host cell. For the system of T1 phage and E. 
coli bacteria this attachment reaction is shown to consist of 
two consecutive steps:
1. The first step is a reversible binding of the phage 
and bacterial surfaces through the Interaction of ionic sites. 
Under optimal conditions this reaction proceeds with an almost 
100% collision efficiency (i.e., almost every contact between 
a phage and bacterium results in binding). This high effic- 
iency is retained as the temperature is lowered from 37 to 0°C 
showing that the reaction does not require any significant 
activation energy.
2. After a phage particle has reversibly attached to a 
bacterium, other reactions may set in which make the attach- 
ment irreversible. This reaction also proceeds with almost 
100% collision efficiency at 37°C, but the efficiency is great- 
ly reduced as the temperature is lowered, corresponding to an 
activation energy of around 18,000 calories per mole.
Four methods have been devised for selectively inhibiting 
the second irreversible reaction without impairing the effic- 
iency of the reversible reaction. The first method consists 
in the lowering of the reaction temperature to 0°C, the second 
in irradiating the bacteria with ultra-violet light, the third 
in exposing the bacteria to Zn ions, and the fourth in substi- 
tuting a mutant form of the bacteria in place of the normal 
form. The last method is most convenient experimentally and 
is used primarily in these studies.
After the irreversible reaction is blocked, the first re- 
action conforms to the requirements for thermodynamic reversi- 
bility, thus making it possible to measure its equilibrium 
constant. From the equilibrium constant, values for the 
change in the standard free energy, enthalpy, and entropy of 
the reaction are calculated. Under optimal conditions these 
values are: F° = -15,000 calories, H0<1000 calories,
AS0 = 50 calories per degree (all values per mole of bacter- 
ial attachment site).
The free-energy and entropy values point, independently, 
to the establishment of two or three ionic bonds when a phage 
particle attaches reversibly to a bacterium.
By combining measurements of the rate of reversible 
attachment with those of the equilibrium constant, the rate 
of dissociation of a phage particle from the bacterial sur- 
face can be calculated. These calculations show that under
ii
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optimal conditions the phage spends an average of 20 minutes 
on the bacterial surface before dissociating. This result 
explains how it is possible for the second irreversible reac- 
tion to proceed with 100% collision efficiency at 37°C, even 
though 18,000 calories of activation energy are required.
The existence of these two consecutive steps greatly en- 
hances the ability of the phage to attack its bacterial host 
in order subsequently to multiply within it.
This abstract of about 450 words is approved as to form and 
content. I recommend its publication.
Theodore T. Puck, Ph. D. 
Instructor in Charge of 
Dissertation
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I. INTRODUCTION
An essential phase in the life-cycle of a bacteriophage is its 
attachment to the surface of a bacterial host. This attachment re- 
action was quantitatively studied by Krueger (l) and Schlessinger 
(2) twenty years ago and was shown to proceed at a rate directly 
proportional to the concentrations of both bacteriophage and bacter­
ia. Schlessinger developed an equation for the maximum velocity 
attainable by the reaction if every collision between the reactants 
resulted in attachment. His equation predicted that the collision 
efficiency should depend only on the diffusion constant of the phage 
and the surface area of the bacteria, since the Brownian motion of 
the bacteria is sufficiently less than that of the phage to be neg­
lected. In 1940 Delbruck (3) confirmed these calculations and showed 
that under optimal conditions the rate of attachment of Staphylococcus 
phage was approximately equal to the theoretical collision frequency. 
The recent determinations of diffusion constants (4) and attachment 
rates (5) for the T phages have revealed a similar high efficiency of 
attachment in this system.
The chemical nature of the attachment reaction remained obscure 
during the earlier work. Burnet (6) noted that phage attachment had 
much in common with antibody-antigen reactions, but was unable to 
propose a more detailed molecular picture. As recently as 1949 
Anderson (7) suggested that there were "thin projecting elements" on 
the surfaces of the phage and bacteria which were responsible for 
attachment, but this theory has not been substantiated. When the
2series of studies of which this work forms a part was begun, attach- 
ment still remained one of the important unsolved problems in this 
field.
In our first studies of the attachment of T1 phage to E. coli B 
bacteria (5) (13) it was shown that the initial interaction of virus 
and host consists of an extremely rapid, reversible step whose rate 
can be completely controlled by the salt constituents of the medium. 
Many of the characteristics of this reaction were found to be dupli- 
cated in the attachment of bacteriophage to an inorganic ion-exchange 
surface, like glass. To explain this reaction, it was proposed that 
when a virus and host cell are placed in a solution of an appropri- 
ate ionic composition, ions are first taken up by specific groupings 
on the two surfaces to form complementary geometrical and electro- 
static patterns that permit rapid union of the two bodies. It was 
also shown that the specific resistance of a given cell mutant (E. 
coli B/l,5) to invasion by the T1 virus is due to failure of this 
reversible attachment to occur.
Experiments with this and other virus systems (3,8) have de- 
monstrated the importance in virus reproduction of enzymatic steps 
which occur very early after infection has taken place. The stud- 
ies herewith reported were undertaken to unravel the roles of en- 
zymatic transformations and other reactions in the infective pro- 
cess. These studies demonstrate that for the bacterial viruses at 
least, irreversible reaction partaking of the characteristics of en- 
zymatic transformation occurs as a second step after the initial, 
reversible binding has taken place. A summary of five different 
types of experiment which serve to separate these two earliest
3phases of the virus life cycle is presented here.
When the second reaction is blocked, a state of thermodynamic 
equilibrium can be obtained. From measurements of the equilibrium 
constant at different temperatures, values for the standard free- 
energy, heat of reaction, and entropy are calculated. In addition, 
the rates of the association and dissociation steps of the reversi- 
ble attachment reaction are determined at different ionic concentra- 
tions. The significance of these data for the mechanism of phage 
attachment is discussed.
II. METHODS
The bacteria were prepared by growing cultures of E. coli B 
or B/l, tryptophane at 37°C in aerated nutrient broth (Difco) con- 
taining 0.5% added NaCl, for 2—1/2 hours, at which time the concen- 
tration of bacteria was about 2 x 108/cc. These bacteria were then 
centrifuged, washed in the attachment medium (usually 5 x 10 -4 molar 
MgSO4), and, after a second centrifugation, resuspended in attach- 
ment medium to give the desired concentration of bacteria. The bac- 
terial concentrations were determined by colony-counts (9) which are 
reproduceable to ± 10%, The rate of attachment of T1 phage to these 
bacteria was measured by adding aliquots of a stock suspension of T1 
which had been diluted several thousandfold in attachment medium to 
bacteria maintained at a selected temperature. The concentration of 
T1 in the attachment tubes was determined by the conventional plaque— 
count method (9) which is reproduceable to - 10%, At various time 
intervals after mixing, samples were removed from the attachment 
tube and centrifuged in a micro-centrifuge (providing a centrifugal 
force of about 5000 g’s) for 2 minutes at the same temperature.
This centrifugation procedure quantitatively removes the bacteria to- 
gether with their bound phage from suspension, leaving behind the un- 
attached T1 in the supernatant. The values for the rates of attach- 
ment and the equilibrium constants as determined by these procedures 
are reproduceable to +- 20% in a series of experiments in which a 
single preparation of bacteria is used, the uncertainty of these 
measurements rising to - 50% when different bacterial cultures are 
employed. Since in these studies a new 2-1/2 hour bacterial culture
5was prepared for each day’s experiments, the day-to-day reproduceabil- 
ity of the rate and equilibrium constants was - 50%.
III. RESULTS
I. Demonstration of the 2-step Nature of Irreversible Attachment.
A. Temperature dependence of the reversible and irreversible 
steps.
If the initial binding of virus to cell is primarily an 
electrostatic interaction, its rate will be relatively independent 
of temperature, in contrast to the rates of subsequent enzymatic 
steps which should decrease sharply as the temperature is lowered. 
Thus, almost equally rapid attachment rates should be expected at 
37.0°C. and 2.0°C., but only at the latter temperature should a sig- 
nificant fraction of the virus be readily eluted from the cells.
Such behavior was observed for the interaction of T1 and E. coli B 
in synthetic media of optimal ionic composition (10- 3 m CaCl2 or 
10-2 M NaCl), as shown in Table I.
_3In 10 M CaCl2, the rate constant for virus attachment, de- 
fined as k in the equation
- dV = kVC 
dt
(where V is the concentration of virus remaining free at times, t, 
in presence of a host cell concentration, C,) has the following 
values:-
Temp. k
°C. cm.3 min.-1
37 2.7 x 10-9
2.0 1.3 x 10-9
Most enzymatic reactions suffer a ten- to fortyfold reduction in 
rate over this temperature range. A reaction in which every collis- 
ion is effective is limited only by the rate of molecular diffusion,
7which would be altered significantly only by changes in the viscosity 
of the medium. The viscosity of a dilute salt solution like 10-3 M 
CaCl2 should closely parallel that of water, which increases by a 
factor of 2.4 when the temperature is lowered from 37°C. to 2.0°C. 
(10). Within experimental error, this factor accounts for the 2.1- 
fold decrease observed in the specific velocity constant for the 
attachment reaction.
B. Effect of Salt Concentration.
A similar separation of the first reversible step from the 
second irreversible one at 37°C. is possible in the case of T2 virus 
through proper control of the salt concentration in the medium.
Thus, T2 attachment to E. coli B is almost completely irreversible 
at 37°C. if the optimum concentration of salt, 0.1 M NaCl, is em- 
ployed. Lower concentrations produce an attachment which is not only 
slower, but also to a large extent reversible. A typical set of data 
is presented in Table II.
These results suggest that ions are required for both the 
first and second steps of the virus attachment. The slowness of the 
first step at low salt concentrations can be compensated for by in- 
creasing the concentration of the bacterial cells, but the enzymic 
step which occurs on or within each infected cell remains inhibited 
at the low salt concentration. This makes possible separation of 
the two reactions.
These experiments raise the question as to which step of 
virus attachment is involved in the killing of the host cell. Such 
killing has been shown to result from the attachment of a virus,
Demonstration That in an Optical Ionic Medium, Virus Attachment Is 
Almost Equally Rapid at 37°C., and That Only at the lower Tempera- 
ture Is the Process Reversible
T1 bacteriophage (5 x 104/cm.3) and E. coli B (2 x 108/cm.3) 
were mixed in tubes containing salt solutions allowing rapid attach- 
ment (either 10-3 M CaCl2 or 10-2 M NaCl) and kept for 10 minutes 
at the temperatures indicated. These are called the attachment 
tubes. Then samples from each "attachment tube" were removed, di- 
luted 1:10, and maintained for 15 minutes in elution tubes contain- 
ing nutrient broth plus an excess of NaCl, (0.1 M) at 0°C., a med- 
ium which inhibits attachment and promotes elution of this particu- 
lar virus (5). Both the original reaction tubes and these elution 
tubes were then rapidly centrifuged at 0°C., and the virus remain- 
ing unattached to cells was determined by titration of the super- 
natants.
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Table I
Attachment
Medium ReactionTemperature Per cent of virus becoming attached 
to cells after 10 mins. 
in adsorption tube
Per cent of the 
attached virus 
re-eluted by 
dilution in 
medium contain- 
ing excess NaCl
per cent per cent
10-3 M CaCl2 37°C 98 <5
3°C. 88 43
10-2 M NaCl 37°C. 96 10
3°C. 82 70
9Table II
Demonstration That the Attachment of T2 Virus to Its Host at 37°C. 
Is Irreversible in 0.1 M NaCI, but Reversible at Lower Salt Concen- 
trations
T2 virus (It x 10 5/cm.3) was mixed with an excess of cells 
(3 x 109/cm.3) at 37°C. for 3 to 5 minutes in the salt solutions 
indicated, after which time at least 90 per cent of the virus had 
become attached to cells. The suspensions were centrifuged, the 
cells separated, and then resuspended in distilled water at 0°C., 
an effective eluting medium (5) for this virus. After an equili- 
bration period of 5 minutes, the cells were again separated by 
centrifugation, resuspended in fresh elution medium, and again 
centrifuged. The total amount of virus liberated from the cells 
into the supernatant in these two elution steps is indicated in 
the table.
Concentration of NaCI in 
the original adsorption tube 
at 37°C.
Elution
medium
Per cent of adsorbed 
virus 
eluted
per cent
0.10 M H20 at 0°C. 16.2
0.04 M H20 at 0°C. 51.0
0.02 M H20 at 0°C. 73.5
even when the virus has been previously inactivated by treatment 
with ultraviolet light (ll). As might have been expected on the 
basis of the general picture here developed, the reversible attach- 
ment of T2 to E. coli B which occurs in 0.02 M NaCl at 37° does not 
kill the cell, whereas attachment in 0.10 M NaCl at the same temper- 
ature does (Table III). The conclusion may be drawn that the ini- 
tial, reversible interaction leaves both virus and host essentially 
intact, but is rapidly followed by profound alteration of some 
vital part of the cell by the virus.
C. Inhibition of the Second Reaction by Specific Chemical 
Agents.
A search for inhibitory chemical agents led to the find- 
ing that Zn++ ion specifically blocks the second reaction in the 
invasion of E. coli B by T1 virus (12). An important feature of 
this action of Zn is that it is virus-specific, -- for example, it 
does not prevent the irreversible step in the adsorption of T2 
virus, as it does with T1 (13).
Zn++ ion promotes the primary attachment of T1 to cells 
of E. coli B just as effectively as does Ca++ or Mg++. In the 
presence of (0.5-1.0) x 10 -3 M  Cl or Zn(N03 ) 2 and in the absence 
of any other salt, the specific velocity constant for attachment is 
approximately 1 x 10 -9 cm.3 min.-1, a value in the neighborhood of 
100 per cent collision efficiency. Zn++ also promotes the reversi- 
ble attachment of T1 virus to glass, a reaction which has many 
features in common with the first step of cell invasion (5).
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Demonstration That the Reversible Attachment of T2 to E. coli B 
in 0.02 M NaCl at 37°C. Does Not Kill the Cell
T2 virus (approximately 5 x 10 8 cc.) and E. coli B cells 
(3 x 108/cc.) were added to the media indicated and kept for 15 
minutes at 37°C. The per cent of virus which became attached to 
cells was determined by centrifugation of aliquots from each tube 
and titration of the free virus in the supernatant. Then samples 
from each tube were titred for total viable cell content by a 
plating on nutrient agar without added NaCl, a medium which per- 
mits growth of the cells, but not of the T2 virus.
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Table III
Per cent Per cent of
Medium of virus cells killedattached as result ofto cells virus attach-after 15 ment
mins. at
37°C.
per cent per cent
(a) 0.02 M NaCl (reversible attachment) 91 0
(b) 0.10 M NaCl (irreversible attachment) 88 98
In the absence of virus, the cells remain viable in both media.
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Since Zn++ falls to bring about the second step, the
system of T1 phage and host cell In the presence of Zn displays
only reversible attachment. Thus, if a T1-cell mixture contain- 
ing 10 -3 M Zn++ is centrifuged and the supernatant titrated, most
of the virus is found to be attached to cells. However, if the 
mixture is diluted 1:10 in nutrient broth at 0°C. before centri- 
fugation, most of the virus is liberated from the cells and re- 
covered in active form (Table IV).
Zn++ not only falls by itself to promote the subsequent 
steps of T1 invasion but also prevents Ca++ or Mg++ from doing so. 
If T1 virus and E. coli B are mixed in phosphate buffer contain- 
ing the optimal concentration of Ca++ for irreversible attachment 
(5 x 10-4 M) plus an equimolar concentration of ZnCl2, only the 
first, reversible step occurs. The presence of Zn++ protects the 
cells against any permanent damage. The virus can still attach 
to the outside of the cell, but cannot secure a foothold in the 
cellular metabolic machinery. Data illustrative of this protect- 
ive action of zinc are presented in Fig. 1.
In order to test whether this inhibition of the enzymic 
phase of T1 invasion is due to reaction of the Zn with the virus 
or the cell, the following experiment was designed: First T1 
virus was incubated for 10 minutes at 37°C. in an inhibitory con- 
centration Of Zn++ (5 X 10 -4 M). A small aliquot of this mixture
1. If an excess of zinc is emploed, toxic action on the cells may result.  With Zn concentrations of 5x10 -4M, however, vir- tually complete protection against 
the virus is secured with lite rduconmbfvas.
Demonstration That 10-3 M Zn++ Promotes Only the Reversible Step 
of Virus-Cell Attachment
T1 virus(3 x 104/cm.3) and E. coli B (2 x 108/cm.3) were 
mixed and maintained for 5 minutes at 37°C. in the presence of
(a) 10-3 M Zn(N03 )2 and (b) 10-3 M CaClg. Rapid cell attachment 
took place in each tube, but only that of the Zn tube was revers- 
ed by a 1:10 dilution in nutrient broth at 0°C. The pH of both 
solutions was adjusted to the same value, 5.8.
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Table IV
Reaction medium (37°C.) Per cent of virus attached to cells
(a) 10-3 M Zn(N03 ) 2 + 10-4 M
phosphate buffer
(b) 10-3 M CaCl2 + 10-4 M
phosphate buffer
per cent
70
95
Per cent of 
attached virus 
which was re- 
eluted by di- 
lution in broth 
at 0°C.
per cent
71
<7
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was then removed and added to a large volume of cells in a medium 
containing optimal Ca+ concentration, so that in the resulting 
virus-cell suspension the concentration of Zn was negligibly small. 
Under these conditions, virus and cell united irreversibly at an 
over—all rate identical with that of experiments in which Zn had 
not been employed (curve B, Fig. 1). The converse procedure, how- 
ever, had a different result: If the cells alone were first ex-
posed to 5 x 10-4 M Zn++, and then a small aliquot quickly added 
to a large volume of virus in a medium promoting rapid attachment, 
the rate of the irreversible union of virus to these cells was in- 
hibited to practically the same extent as in the A curve of Fig. 1, 
in which Zn was actually present in the attachment medium. Since 
cells alone which have been exposed to Zn suffer marked depression 
in the rate of irreversible interaction with T1 virus, whereas 
virus alone which has been exposed to Zn attaches to cells in com- 
pletely normal fashion, the presumption is strong that the compon- 
ent responsible for the irreversible phase of the binding of T1 to 
its host cell, is located on the cell, rather than the virus.
Tracer experiments with the radioactive isotope, Zn65, 
made possible the demonstration that, on the average, each cell of 
E. coli B must take up 4 x 10 7 atoms of Zn in order to block com- 
pletely the irreversiDle step of T1 invasion. Moreover, the ex- 
istence of a competition for the same cellular sites between Zn++ 
and the ions like Ca or Mg which promote the normal sequence of 
reactions in an infected cell, was also demonstrable by means of
Figure 1.
The inhibition by Zn++ of the action of Ca++ in bring- 
ing about the irreversible step of T1 invasion of E. coli B. 
The plotted points represent all the virus which had not be- 
come irreversibly attached to host cells.
Virus and cells were mixed at 37°C. in (A) 7.5 x 10-4 M 
CaCl2 + 1 x 10 -3 ZnCl2 and (B) 7.5 x 10-4 M CaCl2 alone.
The T1 concentration was 5 x 104/cm.3. and the cell concen- 
tration l.4 x 108/cm.3. At the times indicated, aliquots 
were removed and diluted in nutrient broth at 0°G. to allow 
dissociation of any reversibly bound virus. The dilution 
tubes were centrifuged and the free virus content determin- 
ed by titration of the supernatant.
16
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labelled-Zn experiments. Fig. 2 indicates the extent of Zn uptake 
by cells of E. coli B in the presence and absence of Mg++ respec- 
tively.
D. Action of Ultraviolet Radiation
On the basis of the theoretical formulation presented, it 
appeared likely that ultraviolet irradiation of the E. coli cells 
alone should inhibit selectively the second step of virus invasion, 
leaving the first step relatively unaffected. The basis for this 
prediction lay in the fact that most of the groups responsible for 
ionic interaction in biological systems,— carboxyl, amino, substi- 
tuted amino, hydroxyl, sulfhydryl, and substituted phosphoric acid, 
have low ultraviolet absorption coefficients in the neighborhood of 
2500 A. Furthermore, the ability of these groups to undergo ion- 
exchange reactions is not dependent on the structural integrity of 
the rest of the molecule to which they may be attached, and so ex- 
posure to ultraviolet should not appreciably affect the ionic inter- 
actions characteristic of these groupings. Hence, the initial 
attachment reaction should be resistant to the action of such radi- 
ation. On the other hand, enzymic transformations which involve the 
opening of covalent bonds may be expected to depend on the essential 
integrity of a large protein molecule containing many cyclic aromatic 
groups. The high ultraviolet absorption coefficient of these com- 
ponents should render the enzymatic function of the molecules
Figure 2.
Uptake of zinc by cells of E. coli B,
65measured with the radioisotope Zn .
A curve: Young cells of E. coli B, grown in nutrient
broth with aeration, were washed and resuspended (2 x 10 9 
cells/cm.3) in solutions of varying Zn(NO3)2 concentra- 
tions buffered at pH 6 with phosphate buffer. Each solu- 
tion contained a tracer amount of radioactive Zn 65 . The 
cells were equilibrated for 4 minutes at 37°C., then cen- 
trifuged, and washed in distilled water. Test revealed 
that the Zn++ taken up by the cells was not eluted in the 
wash medium. The cells were again centrifuged, separated 
from the supernatant, and their Zn65 activity determined 
with a thin-window (1.6 mg./cm.2) Geiger tube. The acti- 
vity in the supernatant from the first centrifugation was 
also counted. The sum of the activities in the cells and 
the original supernatant added up to the total initial 
activity within - 4 per cent. The abscissae of the curve 
represent the Zn++ concentrations in solution after the 
equilibration period.
The B curve was determined in an identical manner, 
except that 5 x 10-3 M MgCl2 was also present in each 
equilibration tube.
19
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containing them susceptible to inactivation by ultraviolet light.
Experiment confirmed this expectation. Cells of E. coli 
B exposed to a large dose of ultraviolet irradiation were found to 
bind T1 virus with exactly the same high attachment velocity as 
normal cells. However, the attachment of T1 to such irradiated 
cells in 10-3 M CaCl2 at 37°C. is completely reversible. When the 
infected, irradiated cells are resuspended in a medium in which 
one would expect elution, almost all of the virus is recovered in 
free form. Experimental details are presented in Table V. The 
reversibility of this reaction in such irradiated cells makes 
this system particularly suitable for measurement of the equili- 
brium constants of the initial attachment.
E. The Isolation of Specifically Resistant Cell Mutants
Since two separate steps are necessary in order for a 
virus irreversibly to infect a cell, two different kinds of speci- 
fic cellular resistance to a virus might be expected, depending on 
which step is blocked. Earlier experiments (5) had demonstrated 
that the E. coli mutant B/l,5 is immune to the action of T1 phage 
because of failure of the first, reversible reaction to occur. In 
the present study, it was found that E. coli B/l, another mutant 
completely resistant to T1 virus but susceptible to other phages 
of the T series, owes its specific T1 immunity to a block of the 
second reaction. In 10-3 M MgCl2 this mutant binds T1 virus with 
the maximum rate. However, the bound virus is unable to carry 
forward the subsequent irreversible step of its life cycle, and the
Table V
Demonstration That Ultraviolet Irradiation of Host Cells Specific- 
ally Inhibits the Irreversible Step of Virus-Host Attachment
Cells of E. coli B, suspended in phosphate buffer, were ir- 
radiated for 1 hour, at a distance of 1 meter from a 30 watt 
General Electric low pressure ultraviolet lamp, which emits most 
of its energy in the neighborhood of 2537 A. The fraction of 
viable survivors was less than 0.01 per cent. T1 virus was added 
to such a cell suspension in 10-3 M CaCl2 and the mixture main- 
tained for 10 minutes in a 37°C. bath. An aliquot was removed 
from the tube and diluted 1:10 in an elution tube containing 
nutrient broth + 0.1 M added NaCl. Both the original tube and 
the dilution tubes were centrifuged and the virus content of 
their supernatants determined.
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Per cent of virus Per cent of
attached to cells attached virus
Cells after 10 mins. in eluted by
10—-3 M CaCl2 at nutrient  broth
37°C. + 0.1 M NaCl
Ultraviolet-irradiated
Normal
per cent 
84
99.5
per cent 
84
3
attachment obtained is completely reversible. Table VI illus- 
trates a typical experiment comparing the behavior of T1 to- 
ward the three E. coli mutants, B, B/l, and B/l,5.
Like that of B/l,5, the specific resistance of the 
coli mutant, B/2 (in this case to T2 bacteriophage) resides in 
failure of the first attachment to be established. The B/2 
cell binds T1 virus with maximum velocity and promotes its sub- 
sequent normal multiplication, but does not bind T2 under any 
conditions tested. Studies on other virus-cell combinations 
are in progress, with the hope of elucidating biochemical and 
genetic factors responsible for these specific metabolic 
blocks.
The role of tryptophane in cell attachment of the 
tryptophane-deficient T4 virus is of interest in this connec- 
tion. This particular bacteriophage cannot invade host cells 
in the absence of this specific organic cofactor (7). In view 
of the metabolic role of tryptophane in various biological sys- 
tems, it might have been expected that this molecule would be 
required for the second, irreversible step, presumably enzymic 
in character. However, earlier studies (5) had demonstrated 
that this particular bacteriophage requires tryptophane in 
order to attach to a glass filter, a substrate which was found 
to be an accurate model in many respects for the role of the 
cell in the first attachment reaction. On this basis, it would 
be expected that the tryptophane requirement should involve the 
initial attachment of the bacteriophage to the cell. Such was
22
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Demonstration That T1 Virus Undergoes both Reversible and 
Irreversible Interaction with E. coli B; Only Reversible 
Attachment with E. coli B/l; and Neither Reaction with B/l,5
T1 virus (5 x lO 3/cm.3) and cells (2 x 10 8/cm.3) were 
mixed in 10 3 M Hg++ at 37°C. for 9 minutes, then centrifug- 
ed directly, and the supernatants titrated. Wherever attach- 
ment had taken place, its reversibility was measured by re- 
suspending an aliquot of the total suspension in broth + an 
excess of NaCl, and titrating the supernatant after a second 
centrifugation.
Table VI
Nature of the 
cells employed
Per cent of virus 
attached to cells
Per cent of attached 
virus eluted by 
treatment with nutri- 
ent broth + 0.1 M 
NaCl at 0°C.
per cent per cent
E. coli B. 9 7 < 6
E. coli B/1 82 100
E. coli B/l,5 < 4
Experiment Indicating That the Tryptophane-Requiring Mutant 
of T4 Bacteriophage Utilizes the Tryptophane for the Initial 
Attachment Step in Host Cell Invasion
Cells of E. coli B (2 x 10 8/cm.3) and the tryptophane- 
deficient mutant of T4 (5 x 10 4cm.3) were mixed at 37°C. in
2 tubes containing 0.10 M NaCl + 0.001 M MgSO4. One tube 
also contained 20y/cm.3 of 1-tryptophane. At the end of 16 
minutes, both tubes were plunged into an ice bath. Aliquots 
from each tube were removed and diluted 1:10 in nutrient 
broth at 0°C., in order to elute any reversibly adsorbed 
virus. Then both the original tubes and the dilution tubes 
were centrifuged at 0°C. and aliquots of all supernatants 
titrated for their virus content. If reversible attachment 
had occurred in the tube without tryptophane, the supernat- 
ant of the original attachment tube should have a low virus 
titre, while that of the dilution tube should be high. The 
absence of any such effect indicates that not even reversible 
attachment occurs. In the tube containing tryptophane both 
steps take place.
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Table VII
Tryptophane concen- 
tration in attach- 
ment tube
Total virus 
concentra- 
tions
Virus titre 
in supernat- 
ant of orig- 
inal attach- 
ment tube
Virus titre 
in supernat- 
ant of dilu- 
tion tube
0
20y/cm.3
5.3 x
6.5 x
10 4
10 4
4.7 x 10^ 4 
0.3 x 10^4
4.9 x 10^ 4 
0.2 x 10^ 4
demonstrated to be the case. A typical experimental protocol 
reproduced in Table VII illustrates this action.
The reaction scheme proposed for the sequence of 
events involved in the infection of a host cell, C, by a bac­
terial virus, V, may be represented as followss-
Reversible; independent of temperature; 
strong electrostatic interactions; 
forces are specific for a given 
virus-host combination.
Irreversible; temperature dependent; 
probably enzymatic establishment of 
new covalent linkages; forces also 
specific.
The symbol X indicates the first metabolic product
of the infected unit whose formation is irreversible under the
conditions of these experiments.
II. Equilibrium Nature of the Reversible Attachment Reaction.
If Equation 113 correctly represents reversible attachment
of T1 to bacteria, it should be possible to demonstrate attain­
ment of a true state of equilibrium when a sufficient period of 
time has elapsed after mixing the reactants. At this point 
the number of T1 particles attaching to bacteria per unit time 
should be equal to the number dissociating from bacteria, in
25
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accordance with the equation:- 
C3} Keq= kl/k2 = VC / V C 
where K is the equilibrium constant.
Fig. 3 shows the curve obtained for the reversible inter­
action of T1 with E. coli B/l (which cannot bind T1 irreversi­
bly). A steady-state is reached within 20 minutes under the 
conditions employed, after which the concentration of unattach­
ed T1 shows no significant change with time. If E. coli B 
bacteria which have been irradiated with ultra-violet light 
(and therefore also rendered incapable of reacting irreversibly 
with Tl) are substituted for B/l bacteria, the same attachment 
curve is obtained within experimental error. Therefore, these 
two types of cells can be used interchangeably for studying 
the reversible reaction. Fig. 3 also shows a curve for the 
attachment of Tl to its normal host, E. coli B, under identi­
cal experimental conditions, and it can be seen that the ini­
tial rates of attachment for both curves are the same.
These data are not sufficient, however, to prove that a 
state of thermodynamic equilibrium with respect to reversible 
attachment has been achieved. A critical test of this hypothe­
sis, which is basic to the calculations that follow, is shown 
in Table VIII, where an experiment is described in which the 
reactants are allowed to approach equilibrium from opposite 
directions. The results of this experiment prove that when
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free (unattached) T1 is added to bacteria, the same final equi­
librium ratio of attached to unattached T1 is obtained as when 
the starting mixture contains only T1 attached to bacteria. A 
further test of the equilibrium nature of the steady-state in 
Fig. 3 is presented in Table IX, where the data show that if a 
mixture of T1 and bacteria which has reached a steady-state is 
then diluted, the system readjusts to a new equilibrium position 
in accordance with the change in the concentrations of the re­
actants .
III. The Degree of Uniformity of the Reactants.
In biological systems it is not uncommon to encounter con­
siderable heterogeneity among the members of the population 
with respect to various physical and chemical parameters. 
Therefore, the following experiment was run to determine the 
extent to which a T1 population behaves homogeneously in the 
attachment reaction, as expressed in Equation til. A mixture 
of T1 and E. coli B/l was allowed to reach equilibrium, and 
the T1 fraction which remained unattached was then isolated 
and added to fresh bacteria under the same conditions. The 
equilibrium reached with this fraction was again measured in 
the same manner. If the phage population contained signifi­
cant numbers of particles which reacted more slowly, then they 
should become concentrated, and hence detectable, in the un­
attached fraction. This fractionation procedure was repeated 
for four consecutive cycles on the same T1 population, and the
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Figure 3»
The Rate of Attachment of T1 Phage:
(A) E. coli B/l bacteria, concentration
= 2.3 107/cc
(B) E. coli B bacteria, concentration 
= 2.3 10 V  cc
Only reversible attachment occurs in (A) with E. coli B/l 
(or with ultra-violet irradiated E. coli B which yields 
the same curve). Both reversible and irreversible attach­
ment occur in (B) with normal E. coli B.
The amount of unattached T1 was determined by centrifuging
1 cc portions of the attachment mixtures (without dilu­
tion) for 2 minutes at 37°C and titrating the supernatants 
for T1 phage. The rate of attachment, k^ , as calculated 
from the equation d(V)/dt ■ k-^ (V)(C) where (V) is the 
concentration of unattached T1 at a given time and (C) is 
the concentration of bacteria (which is a constant under 
the conditions of these experiments), is equal to 8.0 
10~9 cc/min.
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amount of unattached T1 at equilibrium was determined after 
each cycle. The results of this experiment, as listed in 
Table X, show that the ratio of attached to unattached T1 re­
mains constant during the first two equilibrium cycles involv­
ing 95# of the T1 population. Therefore, it may be concluded 
that approximately 95# of the T1 stock yields a uniform equi­
librium constant with respect to Equation til. Moreover, 
since it is evident from Fig. 3 that the rate of attachment, 
kl, is constant for 95# of the T1 stock, the rate of dissocia­
tion, k2, does not fall significantly for this fraction of the 
phage, since otherwise the curve would bend so as to become 
less steep.
In the last two cycles which are listed in Table X, how­
ever, the equilibrium constant decreases. This could be caus­
ed either by a decrease in kl, or an increase in k2, or both, 
for a few percent of the phage. In order to determine which 
of these factors is responsible, 98# of a T1 stock was first 
reversibly attached to E. coli B/l, and then the residual 2% 
of the phage was isolated and its rate of attachment to nor­
mal E. coli B was measured. As shown in Fig. it, kl for this 
2% T1 fraction is appreciably lower than that for the total 
population. Thus, we can largely attribute the different equi­
librium behavior of the few percent of the T1 (as shown in the 
latter cycles of Table X) to a poor efficiency of reversible 
attachment. A slower-attaching phage fraction was reported
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Figure U*
Curve A: A stock of T1 bacteriophage was fractionated on E.
coli B/l bacteria by two equilibrium cycles as described in 
Table X. After the second fractionation cycle l-l/2% of the 
original T1 remained unattached. This fraction was then add­
ed to E. coli B cells under the following conditions: T1
concentration 6.2 x 10^ /cc., E. coli B concentration U.3 x 
loVcc., attachment medium 5> x 10 M MgSOi , temperature 37°C. 
The amount of unattached T1 was determined by centrifuging 
portions of the reaction mixture at the various times shown 
(without prior dilution of the mixture) for 2 minutes and 
titrating the supernatant solution for its T1 concentration.
Curve B (control): The attachment rate of an aliquot of the
original unfractionated T1 stock to normal E. coli B bacteria 
was determined under the same conditions used for Curve A.
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Tl VIRUS 
REMAINING 
UNATTACHED 
TO CELLS
twenty years ago by Schlessinger (2) and later confirmed by 
Delbruck (3). Recent experiments of Sagik (ll|.) with T2 phage 
suggest a mechanism which may explain this inhomogeneity in 
the attachment reaction. He found that a variable fraction of 
all fresh T2 preparations attaches at a very low rate because 
of an inhibitory material associated with the phage. After 
various treatments to remove this material, all of the phage 
are able to attach at the normal rapid rate. Similar phage- 
inhibitory material may also be present in T1 preparations.
It has not been possible to subject the bacteria to a sim­
ilar test for uniformity in the attachment reaction because no 
technique is available for separating bacteria which have bound 
phage reversibly from those -which have not.
IV. Stoichiometry of the Reaction.
A single bacterium is capable of binding several hundred 
phage particles (l£). However, in the experiments which are re­
ported in this paper the ratio of phage to bacteria is kept 
sufficiently low so that no more than a single phage particle 
attaches to a given bacterium. Under these conditions the equi­
librium constant, according to Equation 13], should be independ­
ent of the total concentration of phage. The data in Table XI 
show this to be the case for a variation in the concentration of 
T1 over a thousandfold range.
Equation £33 also predicts that the equilibrium constant will 
remain independent of bacterial concentration. However, upon
3?
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measuring the equilibrium constant at different bacterial con­
centrations (while maintaining a low ratio of phage to bacteria) 
a small variation is found. This phenomenon has been the sub­
ject of a separate study which will be reported elsewhere (16). 
Since the magnitude of the variation in the equilibrium con­
stant is not sufficient to affect significantly the thermodynam­
ic functions which we want to calculate, Equation^ 3]will be re­
tained without corrections for these calculations.
The equilibrium constant may be expressed either in units 
of (bacteria/cc)“l, (moles of bacteria) “■*•, or (moles of binding 
sites)“■*■. The latter units are necessary for a comparison of 
the free-energy of phage attachment with the free-energies of 
other reactions. If it is assumed that all of the available 
binding sites on a bacterium have the same binding energy for Tl, 
then at low ratios of Tl to bacteria the relationship between the 
latter two systems of units reduces to the equation (17):
[k\ l/n x K equil*/(moles bacteria) = K equil./(moles
binding sites)
where n is the average number of phage-binding sites for each 
bacterium. It is known that E. coli B can bind approximately 
as many phage particles as can be accomodated on the available 
surface area (15>). For Tl phage, geometrical considerations set 
the value for the maximum binding capacity at about 1300 phage 
particles, and this will be taken as the value for n in Equation 
0»].
ilO
V. Thermodynamic Functions of Reversible Tl Binding.
Since the preceding experiments established the reversible 
nature of the primary attachment of Tl to bacteria, the equili­
brium for the reaction was further studied as a function of the 
ionic concentration in the medium and temperature. The results 
of these experiments are plotted in Fig. 5*
From the data in Fig. 5, values for the standard free- 
energy AF°, the heat of reaction AH0, and the entropy AS0 may be 
evaluated by means of the thermodynamic relationships:
AF° - -RT log Kequ.1# L5]
AH0 = (dlog K/dT)RT2 [6]
AS0 = AH0 - AF°/T [7]
These thermodynamic constants are listed in Table XII for rever­
sible Tl attachment under the optimal reaction conditions of a 
$ x 10“^- M MgSO^  medium.
VI. Kinetics of Reversible Tl Binding.
In Fig. 6 the rate of Tl attachment to normal E. coli B 
(which can be measured more accurately than attachment to E. coli 
B/l) is plotted as a function of ionic concentration. Since 
attachment rates to B and B/l bacteria are comparable (as shown
in Fig. 3) the values for kl in Fig. 6 have been combined with
the values for the equilibrium constant from Fig. 5 to calculate 
k2, the rate of Tl dissociation, according to Equation C3]«
These values for k2 are also plotted in Fig. 6.
Figure 5.
The Equilibrium Constant as a Function of Ionic Concen­
tration and Temperature.
2-1/2 hour old E. coli B/l bacteria were washed and 
resuspended in solutions containing various MgSO. concen- 
trations at pH 7» to give a concentration of 1 x 10^  cc.
A T1 stock was diluted 10^  times in 1 x 10 M MgSO^  and
0.1 cc was added to It cc of each bacterial tube at 37°C 
and the supernatant titrated for unattached Tl. The 
titers at both times agreed within experimental error 
(- 10$) indicating that equilibrium had been reached.
The experiment was also run at 3°C and the equilibrium 
constants agreed with those at 37°C, showing that the 
equilibrium constant has no detectable temperature- 
dependence in this range.
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Figure 6.
k]_ and k2 as Functions of Ionic Concentration
2-1/2 hour old E. coli B bacteria were washed and 
resuspended in solutions of various MgSO^  concentrations, 
pH 7, to yield a bacterial concentration of 1 x 10®/cc.
A Tl stock was diluted 1(A times in 1 x 10“^  M MgSOj^  and 
then 0,1 cc was added to 5> cc of each bacterial tube at 
37°C. At various time intervals, an aliquot of each 
tube was centrifuged for 1-1/2 min. at 37°C and the 
supernatant was titrated for unattached Tl. The rate 
of attachment, k^ , was calculated from the slopes of the 
attachment curves as shown in Fig. 3.
kg was evaluated by combining the above data for 
k]_ with the data for the equilibrium constant in Fig. 5, 
according to the equation, K equil. = k^ /k^ .
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IV. DISCUSSION
The chemical nature of the primaiy reversible step in th 
binding of T1 phage to bacteria has been extensively discussed 
in previous publications (5) (13) (18), where it was shown that 
all of the known characteristics of the reaction supported the 
theory that ionic forces play a major role in phage binding.
We now want to consider the implications for this theory of the 
thermodynamic measurements in this paper. We have seen that 
when T1 is added to E. coli B/l bacteria (to which only revers­
ible binding occurs) equilibrium, under optimal conditions, 
lies far in the direction of association even when the reactants 
are present in concentrations as dilute as 10"10 molar, corres­
ponding to a value of -l£,000 calories/(mole of binding sites) 
for the standard free-energy of binding. Since the heat of re­
action is low (<1000 calories/mole) this free-energy is attrib­
utable entirely to a large positive entropy change of k9 entropy 
units which accompanies the reaction. Positive entropy changes 
of this magnitude are characteristic for the attachment of ions 
to charged groups on a protein molecule (19), and are generally 
interpreted as an indication that bound water molecules are
being released from the interacting surfaces. The freed water
f
molecules, by compensating for the loss of free phage, provide 
a net increase in the degrees of freedom of the system and hence 
a positive entropy of reaction. Furthermore, since hydration of
U6
charged surfaces such as those of phage and bacteria occurs pri­
marily through the binding of dipolar water molecules to ionic 
sites, these bound water molecules would be released only if 
ionic sites were involved in the phage attachment reaction.
The number of bonds -which are formed between a Tl phage 
particle and a bacterium during reversible attachment may be es­
timated from a comparison of the thermodynamic data in this 
paper with those for the binding of ions to proteins. Klotz and 
coworkers (19) found that the free-energy of binding of the anion 
methyl orange to serum albumin, which occurs at positively charged 
sites on the protein molecule, was -6000 calories/(mole of bind­
ing sites) for the first ion bound. Free-energies of this magni­
tude have also been observed for the binding of other anions and 
cations (19) (20) to proteins. If we assume that the free-energy 
of a single phage-bacterium attachment bond is of similar magni­
tude, the value of -15,000 calories/mole for the net free-energy 
of Tl attachment would indicate that two or three primary bonds 
were being formed.
The number of bonds formed in the attachment reaction may 
also be estimated from its entropy. Fyfe (21) has shown recent­
ly that the entropy of hydration of salt hydrates lies between 
6 - 1 1  entropy units per water molecule bound, and Latimer (22) 
uses the value of 9 entropy units as the average entropy of 
hydration. If we assume that (a) the entropy of hydration of 
phage and bacteria is also 9 e.u., (b) a single attachment bond
is formed between one ionic site on the phage and one on the 
bacterium, and (c) one water molecule is released from each ion­
ic site upon forming an attachment bond, then the net entropy 
change of b$ entropy units for the T1 attachment reaction would 
correspond to the formation of approximately three attachment 
bonds.
The thermodynamic properties of the attachment reaction 
are related to its kinetic behavior through the equation 
K = kl/k2, where K is the equilibrium constant and kl and k2 
are the rate constants for the association and dissociation 
steps respectively. The values for each of these terms have 
been plotted in Figs. 5 and 6 for different ionic concentrations. 
These data bring out certain aspects of the role of ions in the 
attachment reaction which may be summarized as follows:
In the region from 0 - $ x 10“^  M MgSO^  concentrations, 
the rate of increase of both K and kl is the same, and conse­
quently k2 remains constant. Thus the tendency for equilibrium 
to lie towards dissociation at low ionic concentrations and to­
wards association at intermediate concentrations is a result of 
the effect of ionic concentration on kl alone. However, as the 
concentrations are raised beyond £ x 10”^  M, k2 no longer remains 
constant but instead shows a continual increase. Since kl simul­
taneously decreases in this region, the combined effect of the 
opposing changes in the two rates causes the equilibrium constant 
to drop sharply.
U7
We interpret this kinetic and equilibrium behavior to indi­
cate that in the absence of ions, the phage and bacteria carry a 
net charge of like sign which prevents them from approaching to 
form attachment bonds® When the ionic concentration is raised, 
this repulsive force is neutralized as the charged surfaces 
either bind ions at specific sites or accumulate a diffuse ionic 
double-layer (or both). At a concentration of 5 x 10"^  M MgSO^ , 
the rate of attachment becomes equal to the rate of collision 
between phage and bacteria, indicating that the ions in the 
medium must effectively eliminate all significant electrostatic 
repulsion between the reactants. Beyond this optimal concentra­
tion, the ions begin to exert another action which caiises attach­
ment to be slower and dissociation faster. We believe that this 
effect of higher ionic concentrations is due to a competition be­
tween the ions and the bacteriophage and bacterial reactants for 
the same attachment sites. Equilibrium will be shifted in favor 
of the binding 01 ions to the attachment sites, at the expense 
of the phage, by a mass-action effect which becomes significant 
only at high ionic concentrations. Thus the influence of ionic 
concentration on the equilibrium constant of the attachment re­
action (as shewn in Fig. £) is seen to depend on the outcome of 
two opposing actions of the ions; a charge—neutralizing action 
which accelerates phage attachment, and a competitive-binding 
action which inhibits attachment and increases the rate of dis­
sociation. The resulting efficiency of phage attachment would
U.8
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then be determined by the way these two effects are balanced in 
a given system.
The average amount of time which a Tl particle spends in a 
reversibly bound state is given by the relationship t(av.) * 
l/k^ . Ihen the MgSO^  concentration in the attachment medium is 
5 x 10**^ M or less, kg s .0!?/min., and therefore t(av.) ■ 20 
minutes under these conditions. Since the rate of the irreversi­
ble attachment step, ky  is l/min. (23), the 20 minute period 
of reversible attachment is sufficiently long to insure that 
the reversible reaction will occur before the phage comes off 
the surface of the host cell. This fact explains how it is 
possible for the overall process of Tl phage attachment to pro­
ceed with a collision efficiency approaching 100#, although an 
activation energy of 20,000 calories/mole is required for the 
irreversible step of the reaction (£). If no other factors were 
involved, an activation energy of this magnitude would limit the
fraction of collisions between phage and bacteria which leads to
13irreversible attachment to about 1 in 10 , and thus reduce the
rate at which the invasion of the bacteria could proceed to an 
insignificantly small value. It is only because a reversible 
attachment step, having a 100# collision efficiency, precedes 
the irreversible step and keeps the reactants together until 
this second step can occur, that invasion becomes such a highly 
efficient process. Thus, the free-energy for the initial revers­
ible attachment reaction with Tl phage, which has now been
50
measured for the first time, is seen to be a major factor deter­
mining the invasive powers of this virus.
Recently Burnet and Edney (8) have shown that the binding 
of influenza virus to red cells is very similar to the phage- 
bacterium attachment reaction. This result encourages one to 
believe that the conclusions drawn from the kinetic and thermo­
dynamic studies on phage attachment may also have significance 
for other virus-host systems.
V. SUMMARY
The initial step in the binding of Tl bacterial virus 
(bacteriophage) to E. coli bacteria has been isolated under 
conditions where it behaves as a thermodynamically reversible 
reaction. The equilibrium for the reaction was measured as a 
function of temperature and ionic concentration, and from these 
data values for the free-energies, heats of reaction, and en­
tropies were calculated. Under optimal conditions, the standard 
free-energy for Tl binding to a single site on a bacterium is 
-15,000 calories/mole. Since the heat of reaction is low, this 
free-energy may be attributed entirely to a positive entropy 
change of h9 entropy units. The positive entropy of the re­
action probably results from the release of water molecules 
which are bound to surfaces of the interacting phage and bac­
teria. This result was shown to be consistent with the theory 
that ionic forces are largely responsible for the reversible 
binding of a bacterial virus. From a comparison of the free- 
energy of Tl binding to bacteria with the free-energies for the 
binding of ions to proteins, it was estimated that two or three 
atomic linkages are formed in Tl binding. The same value was 
obtained from an analysis of the entropy of the reaction. In 
addition, the rates of both the association and dissociation 
steps in the reaction have been evaluated at different ionic
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concentrations, and these kinetic data are interpreted in terms 
of the role that ions play in the reaction. Finally, the sig­
nificance of the thermodynamic and kinetic data of reversible 
attachment for the invasiveness of viruses is discussed.
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